Theories of entrainment assume that spontaneous entrainment emerges from dynamic laws that operate via mediators on interactions, whereby entrainment is facilitated if certain conditions are fulfilled. In this study, we show that mediators can be built that affect the entrainment of human locomotion to music. More specifically, we built D-Jogger, a music player that functions as a mediator between music and locomotion rhythms. The D-Jogger makes it possible to manipulate the timing differences between salient moments of the rhythms (beats and footfalls) through the manipulation of the musical period and phase, which affect the condition in which entrainment functions. We conducted several experiments to explore different strategies for manipulating the entrainment of locomotion and music. The results of these experiments showed that spontaneous entrainment can be manipulated, thereby suggesting different strategies on how to embark. The findings furthermore suggest a distinction among different modalities of entrainment: finding the beat (the most difficult part of entrainment), keeping the beat (easier, as a temporal scheme has been established), and being in phase (no entrainment is needed because the music is always adapted to the human rhythm). This study points to a new avenue of research on entrainment and opens new perspectives for the neuroscience of music.
Introduction
Entrainment is the gradual fall into synchronism of two rhythms, such as when a locomotion pattern gradually falls into synchronization with a musical pattern. Entrainment is known to rely on continuous phase-correction adjustments, 1 which can be measured with respect to the time difference between salient points of the rhythms (termed the relative phase). A salient point in walking, for example, occurs when the foot touches the ground (the footfall), whereas in music it is characterized by the beat.
Owing to entrainment the time difference of the footfall and the beat gradually diminishes, and it comes close to zero when a stable synchronization between the two rhythms is reached. The above mechanism is well known and has been mathematically described with respect to an attraction dynamic. 2, 3 The models show that spontaneous entrainment emerges from dynamic laws that operate via mediators on interactions, whereby entrainment is facilitated if certain conditions are fulfilled. 4 However, to date, little attention has been paid to the setup in which rhythms influence each other. A simple setup occurs in the classical synchronizationcontinuation paradigm in which subjects are asked to tap along with a metronome tick having a fixed intertick interval, until the moment where the metronome is stopped and the subjects continue to tap along on their own. 1 The steady (nonadaptive) intertick interval of the metronome is a particular setup, and it places particular constraints on entrainment. Another setup occurs in interpersonal entrainment or in person-machine entrainment, as in pairs of people walking side by side 5 or in interlimb coordination when only visual coupling is available. 6 In this setup, entrainment is based on a mutual adjustment. Miyake 7 showed that a human doi: 10.1111/nyas.12647 and a robot can adapt mutually and maintain stable synchronization using a metronome as cue. Fairhurst et al. 8 found that synchrony was more easily established when the virtual partner's adaptation rate was slow. These and other setups are examples of entrainment mediators that determine the influence of rhythms on each other.
The goal of this paper is to draw attention to the way in which these mediators can be manipulated to affect entrainment. Such manipulations would be called alignment strategies because they regulate how the timing framework of the locomotion and music rhythms matches. We present four empirically tested alignment strategies identifying how musical and human rhythms are related to each other and discuss the effect of these strategies on spontaneous entrainment.
The structure of the paper is presented as follows. First, we introduce the basic concepts of an interactive music player that facilitates a manipulation of parameters that influence the stability of the musical rhythm. We then go on to examine the four different strategies in greater depth to find the alignment of two rhythms. Finally, we discuss the major observations in the light of a refined concept of entrainment.
D-Jogger technology
D-Jogger is a technology that allows the manipulation of the period and phase of a song played on a music player. 9 The technology was developed first and foremost for walking and running applications, but it can also be coupled with biological rhythms such as breathing and heart rate. After a playlist of songs of differing tempi has been introduced, D-Jogger is able to increase or decrease the tempo of a song to match an external rhythm, enabling the music to fall in synchrony with the progression of the movements; it successfully makes incremental adjustments to achieve an alignment of both rhythms. If a subject suddenly changes tempo, from running to walking, for example, so that the difference in tempo exceeds the range of adaptation of the initial tempo, then D-Jogger selects another song that sits within the range of the person's new tempo. Even more interesting, perhaps, is that the D-Jogger can also change the phase of a song so that it begins simultaneously with the footfall. The phase can also be adapted after a pause in motion. Figure 1 shows the person-machine interaction and the required components. The three basic components of the D-Jogger technology are discussed later. 
Note: Shown is the alignment algorithm, the methodological setting of the experiment, the resulting distributions using circular statistics, 25 and finally, the results of the Rayleigh test. 26 The described distributions indicate the distribution of relative phase angles of all the recorded steps. Most notable is the resultant vector length |R|, which gives an indication of the synchronization: a higher value shows more clustered relative phase angles around the mean. Finally, the Rayleigh test is used to test circular uniformity; here, it assesses whether participants performed above chance, that is, whether the alignment algorithm has a bearing on the participant's behavior.
Movement processing
The time instances of the marker for locomotion (herein referred to as the footfall) are captured using a wide range of sensors (e.g., 3D accelerometers, gyroscopes, and pressure sensors can be used; Fig. 1A ) and streamed wirelessly to a computer where gait frequency (in steps per minute (SPM)) and gait phase are extracted (Fig. 1B) , using empirically verified algorithms.
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Music processing
The system draws from a music database containing a selection of songs and metadata that consist of the average beats per minute (BPM) and the timings of the beat (phase information) (Fig. 1D) . These time instances are extracted offline, using dedicated beat-extraction software such as BeatRoot. 13 In addition, a phase vocoder is used to stretch the music in real time (Fig. 1E) , using a combination of frequency-and time-domain methods based on ZPlanes Elastique Pitch audio technology.
14 This allows for a change of tempo (which is acceptable for music deformation of up to +10% and −10%) and/or phase of a song without changing its pitch.
Alignment strategies
The control of the phase vocoder is managed by a type of strategy that aligns the relative phase of the footfall and the beat (Fig. 1C) . In what follows are four alignment strategies: (1) the song starts in tempo but not in phase. During the song, the music period is adapted to the walking period; (2) the song starts in tempo but not in phase. During the song, the music period is kept fixed and the subject entrains to the phase of the song; (3) the song starts in tempo and in phase. During the song the phase remains fixed, while the music period adapts to the walking period. The subject entrains to the phase of the song; and (4) the song starts in tempo and in phase. During the song, the period and phase are adapted. The music player follows subjects' changes in period and phase. Each strategy was built on the knowledge and experience learned from experiments in which the alignment strategies were tested in view of maximizing spontaneous synchronization. Table 1 (top) summarizes the alignment strategies and the experimental contexts according to the indicated parameters. The different test conditions prevent from making direct comparisons between the data produced by the experiments. However, we can sift out a number of insights concerning the effect of the strategies on entrainment. Table 1 (bottom) summarizes the statistical findings for each experiment, and the angular histogram for each experiment is shown in Figure 2 .
Four alignment strategies
Alignment strategy 1: period adaptive, phase random The first alignment strategy matches the tempo of the music (BPM) with the observed tempo of the gait (SPM). The relative phase is neglected, which means that the music starts at whatever time interval is taken between two steps, and the phase of the music is not adapted during the song. The observed gait tempo is based on the average gait period of the last 5 seconds. The strategy allows the participant to adjust the relative phase by taking smaller or bigger steps. However, when this strategy was used, it was observed that the human gait rarely remains constant and that the average frequency continuously fluctuates around a mean. The reason is that music tempo and gait tempo tend to "wobble," that is, alternate around the mean. An in-depth data analysis reveals that participants subsequently try to readjust their pace in an attempt to get back in time with the music. However, the system reacts to this change, and phase alignment is lost. The results suggest that stable spontaneous synchronization would profit from a less adaptive alignment strategy, similar to the findings of Fairhurst et al. 8 
Alignment strategy 2: period fixed, phase random
In this alignment strategy, the music period holds steady once it has been chosen on the basis of previously observed gait tempo. Similar to the first alignment strategy, the relative phase is not used. When the song ends, a new song is selected on the basis of the most recent measurement of the gait tempo. Experiments reveal that this alignment strategy is slightly better (Table 1) owing to an increased resultant vector length. The in-depth data analysis of individual performances reveals difficulties in the first phase of the entrainment, where the subject tries to find the beat. However, once the beat is found, it is easier to keep it and stay "locked" in phase. Once in-phase synchrony is obtained, the synchronization is usually maintained until the end of the song. We also observed that the initial music tempo selection is often several BPMs off target. During the 5 s needed for the music player to adapt, the actual gait frequency will most likely change, and the music selection will no longer be optimal. This problem is inherent with real-time step detection, especially when the music player is nonadaptive. Another disadvantage of this alignment strategy is its insensitivity to sudden gait period changes. These occurred frequently in our test owing to environmental factors such as road crossings (although these were kept to a minimum), obstacles such as other pedestrians, or when participants stopped to look for the next directional marker. In such cases, the new gait period rarely matched the gait period before the obstacle occurred, creating a substantial difference between music and gait period and, thus, less synchronization. The tests suggested that improvements could be made by considering an inphase lock at the start of a song and by reintroduction of period adaptation.
Alignment strategy 3: period adaptive, phase starting 0°T
his alignment strategy (Fig. 3) takes the relative phase as well as the period into account. Music is played with an adaptive period based on the average gait period of the last 5 s, which is identical to the first alignment strategy. In addition, this alignment strategy introduces a song start on the basis of the user's gait phase. The song begins playing when the relative phase is equal to the desired starting phase.
Interestingly, the results are remarkably better than those of previous strategies (Table 1) . Subjects tend to stay in phase once a low relative phase angle is obtained. Yet, the only difference from alignment strategy 1 is a fixed starting relative phase angle of 0°that takes place at the start of the song. This alignment appears to be very effective and encourages stable synchronization. The proposed alignment strategy does seem to solve the problem of finding the in-phase alignment that affected the previous alignment strategies. Because there will always be people who are unable to synchronize, the strategy offers the option of going one step further: using both phase adaptation and a period adaptation.
Alignment strategy 4: period adaptive, phase adaptive to 0°T
his alignment strategy adapts the relative phase angle when an allowed deviation from -30°to 30°i s exceeded. If this deviation persists, then an extra period adjustment is applied to enable the phase alignment to converge toward the 0°relative phase angle. The results of our testing illustrate that this alignment strategy is very effective in maintaining synchronization. Steps taken outside the synchronous range are automatically corrected, although, because of the delay caused by the step detection, the correction may take a few seconds to take effect. Interestingly, with this alignment strategy there is basically no human entrainment needed to get in phase. Instead, the entrainment is done by the music player. All that is required of the participant is "being in phase" without "getting in phase," and s/he is not required even to "keep in phase."
Discussion
The power of beat locking Although the alignment strategies have been tested in various contexts, they can be compared indirectly by considering the in-depth analyses of how strategies influence entrainment. As a consequence, we observed that the manipulation of the relative phase (strategies 3 and 4) makes a significant difference. For example, in strategy 3 the music is always set in-phase at the start of a song. This helps to maintain stable synchronization immediately. When the tempo changes, the phase will also change, but it will remain in synchrony with the participant. Alignment strategy 4 is a case apart because the music's rhythm is now entirely adapted to the person. There is no entrainment required on the part of the person, only alignment. If the person changes phase or period, then the music player will respond immediately, accounting for a short system latency. The observations show that spontaneous human entrainment seems most effective in alignment strategy 3 for reasons that can be attributed to the in-phase lock at the beginning of the song. Interestingly, human entrainment to find the beat can be eliminated and replaced by machine entrainment, as shown in alignment strategy 4.
Shades of entrainment
A key observation is that spontaneous entrainment drives the coupled rhythms toward a stable in-phase alignment. Strategies that immediately lock the subject in phase with the music at the start of each song are superior. We assume that they allow the subject to predict the beat more accurately right from the very start of a song. In contrast, strategies that require finding the beat at the beginning of the song present more of a challenge because predictions are less established and phase-correction adjustments may be large and inaccurate. Alignment strategy 4 not only eliminates the human task of finding the beat, it also eliminates the task of keeping the beat. The above findings suggest that a distinction should be made among finding the beat, holding the beat, and being the beat. The difference can be explained by internal models that link motor control with sensory outcomes. Finding the beat is difficult because the gait pattern has a proper movement cycle, which should be changed if it is to become aligned with the beat. The internal model that motors activity with expected sensory outcomes has proven to be unreliable because an accurate timing model of the expected sensory outcome (namely footfall aligned with the beat) is lacking. Holding the beat is less difficult because a more stable association of motor control and expected sensory output (the beat) can be used. Accordingly, less effort may be needed to hold or keep the beat than to find the beat.
Study limitations
Real-time gait frequency detection has an inherent delay because at least two steps are needed to determine the tempo; but more are required for determining a stable gait tempo. The implied latency imposes some restriction on the alignment strategies. However, because of this latency, part of the variability of the human gait 15 is averaged, which results in a more stable SPM value. As to making comparisons of our work with the work of others, it should be noted that our emphasis on spontaneous entrainment differs from most of the walkingrunning studies that have been conducted thus far. When participants are requested to synchronize with music played by means of a nonadaptive music player, one typically finds that synchronous music has numerous advantages related to ergogenic, physiological, and/or psychophysiological aspects. [16] [17] [18] [19] [20] [21] This calls on the participant to engage with music in an intentional way, which might alter the participant's natural gait pattern. However, we believe that in many applications the instructed entrainment is not always realistic. We also believe that it is important to understand the subliminal effects of entrainment and alignment, and here too, further research is needed.
Strengths of D-Jogger and open questions
The above results suggest that D-Jogger can serve as an assistive technology to motivate people to exercise physically. D-Jogger can also be used as an assistive technology in a clinical context (e.g., as a smart Walkman for Parkinson patients), or for physical rehabilitation. Apparently, not everybody can synchronize to music, even after receiving instruction. [22] [23] [24] This group of people can be aided with a system that facilitates human entrainment or cancels it entirely (alignment strategy 4). Because D-Jogger is an entrainment mediator between human rhythm and musical rhythm, it offers perspectives for studying biological rhythms (respiration, heartbeat).
